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The influenza virus glycoprotein
hemagglutinin (HA) facilitates fusion of
viral membranes with host endosomal
membranes via a pH-dependent
conformational change. Garcia et al.
investigate how an acidic environment
may promote HA activation by identifying
key structural regions in HA that are
altered by low pH.
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Influenza hemagglutinin (HA) mediates virus attach-
ment to host cells and fusion of the viral and endoso-
mal membranes during entry. While high-resolution
structures are available for the pre-fusion HA ectodo-
main and the post-fusion HA2 subunit, the sequence
of conformational changes during HA activation has
eluded structural characterization. Here, we apply
hydrogen-deuterium exchange with mass spectrom-
etry to examine changes in structural dynamics of the
HA ectodomain at various stages of activation, and
compare the soluble ectodomain with intact HA
on virions. At pH conditions approaching activation
(pH 6.0–5.5) HA exhibits increased dynamics at the
fusion peptide and neighboring regions, while the
interface between receptor binding subunits (HA1)
becomes stabilized. In contrast to many activation
models, these data suggest that HA responds to en-
dosomal acidification by releasing the fusion peptide
prior to HA1 uncaging and the spring-loaded refold-
ing of HA2. This staged process may facilitate effi-
cient HA-mediated fusion.
INTRODUCTION
Enveloped viruses use specialized protein machinery to fuse
their membrane with themembrane of host cells and deliver their
genetic material for replication. The hemagglutinin (HA) glyco-
protein trimer mediates influenza A virus infection by attaching
to sialic acid receptors on the cell surface and driving membrane
fusion following endocytosis (Eckert and Kim, 2001; Skehel and
Wiley, 2000;White et al., 2008). HA is expressed as a single poly-
peptide precursor (HA0) that trimerizes and is cleaved by cellular
proteases to generate a spike complex of heterodimers of the re-
ceptor binding subunit, HA1, and fusion subunit, HA2. Extensive
non-covalent interactions and an inter-subunit disulfide bond
maintain the complex in which three HA1 subunits form a cage
around themembrane-anchored HA2 fusion subunits in the stalk
and base of the spike (Figure 1) (Wilson et al., 1981). HA cleavage
generates the hydrophobic N-terminal fusion peptide in HA2,
which at neutral pH is sequestered in a pocket formed by adja-
cent subunits (Chen et al., 1998; Steinhauer, 1999).
The spontaneous merging of the viral and endosomal mem-
branes is hindered by a large energetic barrier. During influenzaStructure 23entry, this unfavorable transition is driven by coupling mem-
brane fusion to the conversion of HA from a metastable, high-
energy pre-fusion state to the low-energy, post-fusion form
(Baker and Agard, 1994; Carr et al., 1997; Carr and Kim,
1993; Ruigrok et al., 1986). During the process the fusion pep-
tide is released, enabling it to insert into the target membrane
(Skehel et al., 1982; Stegmann et al., 1991), and a dramatic
reorganization of HA results in dissociation of the HA1 cage
around the HA2 fusion machinery, which itself undergoes a ma-
jor refolding transition (Bullough et al., 1994; Doms et al., 1985;
Godley et al., 1992; Kemble et al., 1992; Skehel et al., 1982;
Stegmann et al., 1991; White and Wilson, 1987). Crystal struc-
tures of the pre-fusion bromelain-released ectodomain (brome-
lain cleaved hemagglutinin [BHA]) (Wilson et al., 1981) and HA2
subunit following exposure to low pH and proteolysis (TBHA2)
or expression of HA2 in Escherichia coli (EHA2) (Bullough
et al., 1994; Chen et al., 1999) revealed the extent of the HA2
reorganization (Figure 1B). In HA2, the B-loop transitions from
loop to helix, extending Helix-C at its N terminus and reposition-
ing the fusion peptide 100 A˚ from its buried pre-fusion position
toward the endosomal lumen (Bullough et al., 1994; Carr and
Kim, 1993; Gruenke et al., 2002; White and Wilson, 1987). In
addition, a portion of the C-terminal half of Helix-C converts
to a loop, allowing the HA2 ‘‘leash,’’ which is attached to the
transmembrane anchor, to zipper along a groove formed by
the extended N-terminal HA2 helical bundle (Park et al.,
2003). The colocalization of the fusion peptide and transmem-
brane domains in the transition to post-fusion HA draws the
host and viral membranes together.
Studies involving synthetic peptides (Carr et al., 1997; Carr
and Kim, 1993), and HA mutants (Gruenke et al., 2002; Qiao
et al., 1998) provided evidence for a pH-dependent ‘‘spring-
loaded’’ pre- to post-fusion transition (Skehel and Wiley, 2000;
White et al., 1981). While the term ‘‘spring-loaded’’ suggests
an irreversible, singular transition, studies involving mutagen-
esis, epitopemapping by conformational antibody binding, com-
parisons of proteolytic sensitivity, and structural and biophysical
techniques have provided evidence of intermediate states
(Bottcher et al., 1999; Doms et al., 1985; Godley et al., 1992;
Gruenke et al., 2002; Kemble et al., 1992; Krumbiegel et al.,
1994; Park et al., 2003; Remeta et al., 2002; Skehel et al.,
1982; Stegmann et al., 1990; White and Wilson, 1987; Xu and
Wilson, 2011), some of which may be reversibly populated (Fon-
tana et al., 2012; Ivanovic et al., 2013; Leikina et al., 2002; Xu and
Wilson, 2011) (Figure 1B). HA has been proposed to progress
through pathways such as those depicted in Figure 1B. In large
part, however, the nature of these intermediates and the
mechanism of pH-dependent activation of HA remain poorly, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rights reserved 665
Figure 1. Structural Organization and Activation Models of Influenza HA
(A) The structural organization of pre-fusionHA color-coded on one protomer (PDB 2HMG) (Wilson et al., 1981). HA1 residues, gray; HA2 residues: 1–39, red (1–20
fusion peptide); 40–52, cyan; 53–69, black; 70–105 and 113–123, green; 106–112, purple; 124–175, orange.
(B) Two proposed HA activation schemes, with colors of crystal structure and schematic subdomains related for clarity. In the top ‘‘Uncaging’’ model,
HA1 dissociation initiates HA activation, leading to release of fusion peptide and generating a membrane-active pre-hairpin intermediate; the bottom
‘‘FP Release’’ model is initiated primarily via fusion peptide release, which inserts into the target membrane, followed by HA1 dissociation and pre-hairpin
intermediate formation. Both models conclude with post-fusion HA2 hairpin formation (PDB 1QU1, with HA1 lobes modeled from 2HMG) (Chen et al., 1999;
Wilson et al., 1981).understood due to the challenges of carrying out experiments on
such dynamic species.
It has been demonstrated that dissociation of HA1 receptor
binding domains at the trimer apex (Godley et al., 1992) is
required for HA2 to adopt the extended coiled-coil conformation
observed in the low pH crystal structures (Bullough et al., 1994;
Chen et al., 1999), but it is not clear at which stage of the
conformational change cascade this major event takes place.
Subsequent work by Kemble et al. suggested that modest reor-
ganization, possibly involving a loosening of interactions in the
membrane-distal region of HA1, may occur in concert with the
release of the fusion peptide but prior to complete dissociation
of HA1 (Kemble et al., 1992). It remains to be determinedwhether
the conformational cascade is initiated by unclasping of HA1 do-
mains and reorganization of the HA1-HA2 interface (Harrison,
2008; Huang et al., 2003; Mair et al., 2014), or if the release of
the fusion peptide initiates the conformational transitions neces-
sary for membrane fusion (Fontana et al., 2012; Leikina et al.,
2002; Stegmann et al., 1991; White and Wilson, 1987), referred
to here as the ‘‘Uncaging’’ or ‘‘FP Release’’ models, respectively
(Figure 1B). A related gap in our understanding of HA activation
involves a lack of knowledge about which residues trigger
the pH-dependent response, although studies that examined
mutant HAs have suggested residues and regions in the protein
that can influence the activation pH of HA (Mair et al., 2014). A
detailed examination of HA activation with the ability to identify
which regions respond first under native conditions is needed
to better understand how the fusion machinery becomes
fusogenic.666 Structure 23, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rightsHere, hydrogen-deuterium exchange coupled with mass
spectrometry (HDX-MS) is used to investigate the structural
and dynamic changes in HA and identify specific regions
involved in native fusion activation. HDX-MS reports on protein
structure and dynamics by monitoring deuterium incorporation
at backbone amides (Marcsisin and Engen, 2010). We find that
as the pH of activation is approached, an increase in flexibility
of the fusion subunit, centered on the fusion peptide and
HA1-HA2 interface, occurs concomitant with stabilization of
the HA1-HA1 interface, suggesting that fusion peptide release
may be the initiating step in HA activation, occurring prior to un-
clasping of the HA1 cage.
RESULTS
BHA and Full-Length HA on Virus Show Similar HDX
Kinetics
To determine whether the soluble, bromelain-released HA ecto-
domain (BHA) retains native HA structure when liberated from
the HA2 transmembrane domain anchor and crowded viral sur-
face, BHA was analyzed by HDX-MS and compared with intact
HA on whole virions (X31 H3N2). 90% sequence coverage of
BHA was obtained from 58 and 27 unique peptides for HA1
and HA2, respectively (Figure S1). In whole influenza samples,
HA1 coverage remained similar to BHA coverage while approx-
imately half of HA2 sequence coverage was lost due to spectral
overlap from additional viral proteins (Figures 2A and 2B). West-
ern blots comparing supernatant and virus pellet were used to
verify that no free HA was present in the viral samples underreserved
Figure 2. HDX Comparison of X31 H3N2
Virion-Associated HA versus BHA
(A) Hydrogen/deuterium-exchange profiles at pH*
7.5 for all observable peptides in HA1 and HA2 for
intact HA in viral membrane (top) and BHA (bot-
tom); subdomain colors Figure 1A. Data for each
peptide are plotted at the midpoint of the primary
sequence for each time point. Lines connecting
each point indicate continuous sequence
coverage while discontinuity in the lines reflects
missing sequence coverage.
(B) HDX difference profiles show no significant
differences between BHA and full-length HA on
virus.
(C) Individual exchange profiles of represen-
tative HA1 and HA2 peptides show no difference
in membrane-distal and membrane-proximal
regions of full-length HA (red circles) versus
BHA (blue squares). Error bars are the cal-
culated standard deviation from duplicate mea-
surements.HDX conditions and that only intact trimeric HA anchored in the
viral membrane was being observed (Figure S2). The exchange
kinetics for the peptides monitored from BHA and HA on the vi-
rus were identical within error, indicating they have very similar
conformational dynamics and structures despite bromelain
cleavage of the ectodomain and release from contact with adja-
cent glycoproteins and membrane (Figure 2).
Reorganization in Post-Fusion BHA
To examine the large changes in conformation between pre- and
post-fusion HA, HDX-MS was also performed on acid-triggered
BHA. BHA was incubated at low pH allowing it to convert to the
post-fusion state, followed by reneutralization to pH 7.5 tomatch
the pre-fusion exchange conditions. After 3 hr of incubation at
pH 4.9 and 22C, most of the population had adopted the
post-fusion form, but a minor population of pre-fusion BHA
persisted. This subpopulation was detected by the presence of
bimodal exchange behavior for several peptides, in contrast to
the consistently unimodal pre-fusion BHA spectra (Figure S3).
Bimodal deconvolution of the acid-triggered BHA spectra
enabled us to extract the exchange kinetics for the post-fusion
population alone (see Experimental Procedures) (Guttman
et al., 2013b). Acid-triggering of BHA at pH lower than 4.9 and
at 37C eliminated the residual non-triggered subpopulation;
but this treatment also appeared to induce global destabilization
of HA1 (data not shown).
By HDX-MS, the peptides spanning the fusion peptide (HA2 1–
21) in post-fusion BHA displayed significant envelope broad-
ening that could not be unambiguously deconvoluted (Figure S4).
This behavior in the post-fusion BHA was unique to the fusion
peptide and is presumably due to the involvement of this specific
segment in mediating aggregation such as in ‘‘rosettes,’’ where
several triggered spikes are tethered together by their fusionStructure 23, 665–676, April 7, 2015peptides (Skehel et al., 1982). Due to
this complication, HDX data for the fusion
peptide in the post-fusion state were not
analyzed further.The HDX-MS analysis revealed many sites that show signifi-
cant differences in structural organization between pre- and
post-fusion BHA (Figure 3). The changes were largely consistent
with available crystallographic structures for HA2 (Bullough
et al., 1994; Wilson et al., 1981). Deuterium exchange profiles
for the majority of the HA2 Helix-C core (HA2 88–91 and 92–
99) were unchanged, suggesting that this region maintains helic-
ity following the post-fusion transition, possibly serving as a
fulcrum around which the rest of HA2 reorganizes. By contrast,
the B-loop in HA2 (HA2 53–69 and 70–87), which exhibits signif-
icant exchange in pre-fusion HA, showed substantial protection
in post-fusion BHA, consistent with the formation of the stable,
extended helix seen in TBHA2 (Figure 3C). Helix-C peptides
(HA2 102–109, 100–115, and 110–115) exhibited faster ex-
change kinetics in post-fusion BHA, consistent with the transi-
tion from an ordered helix in the pre-fusion structure to a less
protected loop in the post-fusion HA state. C-terminal HA2 seg-
ments (139–148, 149–167, and 168–175) pack in an extended
conformation along the central coiled-coil in post-fusion struc-
tures, and peptides spanning this region had elevated deuterium
incorporation in post-fusion BHA, consistent with exposed
amides (Chen et al., 1999; Park et al., 2003).
Crystallographic data representative of post-fusion HA1 are
limited to a crystal structure of HA1 monomer complexed with
the Fab domain of antibody HC19 (Bizebard et al., 1995). The
HA1-HC19 structure suggests that HA1 may retain its structure,
essentially unchanged, following acid activation and release
from the HA2 fusion domain. By HDX-MS, several regions in
HA1 showed substantial increases in deuterium uptake between
the pre- and post-fusion BHA states, reflecting local destabiliza-
tion (Figure 3). Protein segments involved in the pre-fusion HA1-
HA1 trimeric interface (HA1 195–228 and 212–228) lost protec-
tion in the post-fusion conformation, consistent with unclaspingª2015 Elsevier Ltd All rights reserved 667
Figure 3. HDX Comparison of Pre-Fusion
and Post-Fusion BHA
(A) Hydrogen/deuterium-exchange plots com-
paring exchange profiles of pre-fusion (top) with
post-fusion (bottom) BHA after 3 s (orange), 1 min
(red), 30min (blue) and 20 hr (black) of exchange at
pH* 7.5. The line connecting each point indicates
continuous sequence coverage while disconti-
nuity in the lines reflects missing sequence
coverage.
(B) Exchange differences plotted above or
below the axis correspond to regions of BHA that
gain or lose protection in post-fusion BHA,
respectively.
(C) Areas in post-fusion BHA that become highly
flexible (red), moderately flexible (orange), or more
protected (cyan) relative to the pre-fusion confor-
mation are mapped onto the pre- and post-fusion
trimer, 2HMG. HA1 lobes were modeled onto
1QU1 to reflect the post-fusion state (PDB: 2HMG
and 1QU1) (Chen et al., 1999; Wilson et al., 1981).
Individual exchange plots with error bars are
shown in Figure S5.of the subunits at the trimer apex (Figure S5). Peptides spanning
the 190-helix (HA1 175–194 and 178–194) of the receptor binding
site, which are also adjacent to the HA1-HA1 interface, exhibited
greater exchange in post-fusion BHA. A few regions exhibited
uptake profiles that did not change between pre- and post-
fusion HA. These invariant regions included peptides within the
eight-stranded b-sheet in the globular head that are located
distal from the HA1-HA1 interfaces in the pre-fusion crystal
structure (HA1 148–161, 162–174, and 178–189).
All observable peptides in the HA1 F0 domain (HA1 1–13, 26–
33, 33–42, 281–316, and 315–328) exhibited elevated deuterium
exchange in the post-fusion conformation, likely due to the
disruption of stabilizing contacts between the F0 domain and
the HA2 subunit. Furthermore, the N and C termini did not retain
secondary structure in the post-fusion conformation, as re-
flected by their rapid exchange kinetics. Peptides in the E0
domain (HA1 79–86 and 269–277) at the base of the globular
head form a hinge between the globular head and the F0
domain, which also interacts with the HA2 B-loop in pre-fusion
HA. In post-fusion BHA, this hinge and HA1 peptides that adjoin
the B-loop prior to triggering (HA1 88–108 and 281–316)
showed greater deuterium uptake relative to the pre-fusion
state. Increased deuterium incorporation of the HA1 peptides
involved in the HA1-HA2 interface suggested that interactions668 Structure 23, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rights reservedbetween HA1 and HA2 were disrupted
in the post-fusion conformation.
Characterization of BHA at pH
Conditions Approaching Fusion
Activation
We sought to probe the underlying
pH-dependent changes in the structural
dynamics of BHA by investigating the
HDX of BHA under pH conditions
mimicking the maturing endosome. Lipo-
some leakage assays, light scattering,native PAGE, and small-angle X-ray scattering (SAXS) were
used to identify pH conditions that would be amenable to
HDX-MS analysis at 22C (Figure 4). With the exception of native
PAGE, the assays did not require reneutralization of the samples,
hence their behavior was examined under the pH conditions
whereby HA is functional.
BHA does not include the transmembrane domain and is not
anchored in the viral membrane, thus the liposome leakage as-
says only report on membrane activity of the fusion peptide-
bearing ectodomain and not fusion per se. Based on increases
in fluorescence dequenching from the liposome-encapsulated
sulforhodamine-B dye, BHA was observed to become increas-
ingly membrane active at pH <5.5, with its activity plateauing
at pH 5.0 (Figures 4A and 4B).
Dynamic light scattering measurements indicated that at pH
7.4, 6.0, and 5.5 the hydrodynamic radius of BHA did not
change, but increased dramatically at pH 5.0 (Figure 4C). Hence
at pH R5.5, the BHA spike retains its overall organization and
solubility in the absence of detergents, but at lower pH such as
5.0 the spikes aggregate, presumably through fusion peptide-
mediated association. Native PAGE, also in the absence of
detergent (Figure 4D), likewise showed that when BHAwas incu-
bated for 30 min at pH 5.5 it remained well behaved and soluble,
while at pH 5.25 or 5.0 the material did not enter the gel,
Figure 4. BHA-Induced Liposome Dequenching and Native PAGE
Near Fusion
(A) Fluorescence monitoring pH-dependent, BHA-induced sulforhodamine-B
leakage from liposomes at 22C.
Structure 23suggesting the hydrophobic fusion peptides may be more
accessible and mediate aggregation at the lower pH conditions.
Interestingly, when BHA was examined by SAXS with in-line
size-exclusion chromatography in the presence of n-dodecyl
maltoside (n-DDM) detergent at pH 5.2, it was observed to retain
an overall structure similar to that of pre-fusion BHA at neutral pH
(Figure 5A). The P(r) plots (Figure 5B) and ab initio shape recon-
struction (Figure 5C) showed that themass distribution remained
largely the same, indicating that the main elements of the spike
remained in a similar organization, unlike, for example, what
one would observe upon dissociation of HA1 heads (Figure S6).
From these combined data, we concluded that BHA in the
absence of detergent was well behaved and non-aggregated if
kept at pH 5.5 or above, while even at pH 5.2 it appeared to retain
an intact spike organization, although likely with fusion peptides
exposed and capable of mediating membrane interactions and
aggregation.
HDX-MS Analysis of BHA at pH Conditions Approaching
Fusion Activation
HDX-MS was next employed to monitor BHA structural dy-
namics as the activation pH threshold was approached. We
focused on a pH range in which the protein remained soluble
without detergent (pH >5.5). To rigorously carry out a compari-
son of HDX under different pH conditions, it was necessary to
adjust the deuterium incubation times to compensate for the
pH-dependent differences in the intrinsic chemical exchange
rate. Over the pH range where BHA was examined, pH* 7.5–
5.6 (where pH* is the measured pH in D2O), the chemical HDX
mechanism is base catalyzed. As the solution becomes more
acidic the concentration of base decreases, resulting in a slower
rate of exchange. Studies by Bai et al. derived the activation en-
ergy of the base catalyzed HDX, making it possible to calculate
the chemical rate for each mildly acidic condition (pH* 6.5, 5.9,
and 5.6) relative to pH* 7.5 (Bai et al., 1993; Coales et al.,
2010). By adjusting deuteration times, the exchange rates at
different pH* values could be compared. For more precise time
scaling, we also included an internal standard (PPPI peptide)
to directly compare the HDX profiles of BHA over pH* values
7.5–5.6 (see Experimental Procedures and Figure S7) (Zhang
et al., 2012).
Under these conditions the fusion peptide and every other
monitored peptide displayed unimodal spectra, indicating that
a single conformational population was present, and no popula-
tion of post-fusion BHA was detected (Figure 6). All experiments
were performed in duplicate, and the errors from each measure-
ment were narrow enough to reliably infer qualitative changes
occurring throughout BHA leading up to the threshold of pH acti-
vation (Figures 7 and S8). The significant dynamic differences(B) Fluorescence intensity at the final time point for each pH shows minimal
leakage between pH 6.25 and 5.5 and a major increase in activity between pH
5.5 and 5.0.
(C) Radius of hydration of BHA at pH 7.4, 6.0, 5.5, and 5.0 by dynamic light
scattering at 20C. Error bars represent the standard deviation frommore than
three experiments.
(D) pH-Dependent aggregation of BHA at 22C in the absence of detergent
visualized by native PAGE indicates that aggregation does not occur at pH 5.5
or higher.
, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rights reserved 669
Figure 5. Small-Angle X-ray Scattering of BHA at pH 7.5 and 5.2
(A) SAXS patterns for BHA eluted from an in-line size-exclusion chromatog-
raphy column equilibrated with 150 mM NaCl, 20 mM HEPES, 20 mM Na-
citrate, 0.25% n-dodecyl maltoside, and 0.02% NaN3 at 22
C, where the blue
and red dots correspond to SAXS measured at pH 7.5 and 5.2, respectively.
(B) Pairwise mass distribution (P(r)) plots for BHA at pH 7.5 (blue) and pH 5.2
(red).
(C) DAMMIN reconstructions of BHA at pH 7.5 (blue) and pH 5.2 (red).exhibited a pH-dependent trend, suggesting that HA activation
responds progressively to lowering the pH.
Many regions of both HA1 and HA2 remained unchanged by
exposure to a pH* range approaching the activation threshold670 Structure 23, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rights(pH* 5.6), exhibiting deuterium uptake plots that were superim-
posable within error. Regions in HA2, by contrast, showed
dynamic differences as a function of pH* (Figures 7A and S8).
The N-terminal fusion peptide (HA2 1–9; peptide 1, Figure 7A)
displayed the greatest pH-dependent changes, becoming
considerably more dynamic at lower pH*. A modest increase in
dynamics was also seen at the C-terminal end of the fusion pep-
tide (HA2 10–21; peptide 2, Figure 7A) at pH* 5.6. Both Hairpin-1
(HA2 22–38; peptide 3, Figure 7A) and Helix-A (HA2 39–52; pep-
tide 4, Figure 7A) downstream of the fusion peptide were also
measurably more dynamic at pH* 5.6, outside of calculated
error. Peptides spanning the B-loop (HA2 53–69; peptide 5,
Figure 7A), which sits directly beneath the E0 domain in HA1,
became more dynamic at lower pH, while no pH-dependent
changes were observed at HA2 70–87, spanning the top of the
coiled-coil stalk (peptide 6, Figure 7A). In addition, peptides in
HA2 covering the central coiled-coil stalk also maintained strong
protection (HA2 92–99; peptide 7, Figure 7A). By contrast, re-
gions near the C terminus of HA2, such as Hairpin-2 (119–138;
peptide 8 in Figure 7A), which form the base of the fusion peptide
cavity in pre-fusion HA, located proximal to the base of the
coiled-coil, showed increased dynamics at lower pH*.
Relatively subtle effects were observed within HA1 as a func-
tion of pH, with many peptides showing no changes at all. HA1
peptides that form the receptor binding pocket (HA1 175–194;
peptide 3 in Figure 7C) showed no pH-dependent changes, nor
didmuchof the b-sheet substructure of the globular headdomain
(HA1 244–258; peptide 5 in Figure 7C). The HA1-HA2 interface
exhibited a more complex pattern of pH dependence such that
some peptides, including HA1 E0 domain peptides that make
contacts with the HA2 B-loop (HA1 87–108 and 281–316; pep-
tides 2 and 7 in Figure 7C), showed minimal differences between
pH* 7.5 and 5.6. Other HA1-HA2 interfacial peptides showed
some of the largest increases in deuterium exchange within
HA1. For example, large changes were observed in two separate
peptides that form the hinge at the base of the HA1 globular head
(HA1 79–86 and 258–268; peptides 1 and 6 in Figure 7C), which
are adjacent to the internal portion of the B-loop. Likewise, the
C terminus of HA1 (HA1 317–328; peptide 8, Figure 7C) showed
some of the largest pH-dependent increases in deuterium
incorporation. These data suggest that flexibility of the HA1
hinge and regions that neighbor the HA2 fusion peptide and
associated sites constitute the initial elements that respond to
mildly acidic conditions during endosomal maturation (Figures
7B and 7D). While most of the F0 domain and the peripheral E0
domain were more dynamic at lower pH, one peptide located
between these two regions (HA1 269–277; Figure S8) was more
ordered at pH* 5.6. Surprisingly, peptides spanning the entire
HA1-HA1 trimeric interface (HA1195–228; peptide 4 in Figure 7C)
also became more protected at pH* 5.6.
The current study made no correction for changes in the local
intrinsic rate due to the protonation of histidine residues, which
as a function of pH can increase the exchange rate by a factor
of two (Bai et al., 1993). Many of the major pH-dependent
changes observed by HDXwere in peptides (including the fusion
peptide) that do not contain histidine residues, while some histi-
dine-containing peptides (HA1 175–194 and HA2 100–115) did
not exhibit pH-dependent changes (Figures 7B, 7D, and S8).
Therefore, the effects on the intrinsic exchange rate from alteredreserved
Figure 6. Peak Width Analysis of Raw Spectral HDX Data for the Fusion Peptide at pH* 7.5 and 5.6
Average peak width at 20% peak height with errors from duplicate measurements are shown for the two extreme pH* conditions, with pH* 7.5 on the top and pH*
5.6 on the bottom. Mass to charge (m/z) on the x axis is relative to the intensity shown on the y axis. pH* 5.6 envelopes do not show extensive peak width
broadening as observed in Figure S4.protonation of histidines appear to have a marginal impact, if
any, on the current comparisons within these experiments.
DISCUSSION
To carry out membrane fusion, viral fusion proteins undergo a
series of conformational changes once activated by receptor
binding or environmental triggers such as endosomal acidifica-
tion (White et al., 2008). While spectroscopy (Krumbiegel et al.,
1994; Remeta et al., 2002), limited proteolysis (Doms et al.,
1985; Kemble et al., 1992; Skehel et al., 1982; White and Wil-
son, 1987), and epitope exposure mapping studies (Kemble
et al., 1992; White and Wilson, 1987) support the existence of
HA intermediates populated under acidic pH conditions, these
functionally important states have been refractory to structure
determination methods such as crystallography. Characteriza-
tion of the intermediates is essential for understanding the
process of protein-mediated membrane fusion and for devel-
oping therapeutics that could inhibit the transition. This study
examined HA using HDX-MS to probe the structural dynamic
changes in soluble, bromelain-released HA induced by
acidification.
Post-Fusion HA Exhibits Dramatic Overall Remodeling
of HA1 and HA2
Post-fusion HA2 crystal structures have been crucial for under-
standing the end-state structure of the fusion subunit. However,
due to the unconstrained nature of post-fusion HA1, structural
insight of HA in the post-fusion state has been limited to frag-
mentary information for the HA2 subunit and a monomeric
HA1-antibody complex (Bizebard et al., 1995; Bullough et al.,
1994; Chen et al., 1999). Our HDX-MS data provide a detailed
portrait of the large-scale reorganization in HA that occurs as a
result of the conversion to the post-fusion form, including the
full HA2 ectodomain with the HA1 subunits still covalently linked.
The data for the HA2 subunit in the post-fusion state are
largely consistent with the available structural information of
the isolated HA2 crystal structure (Figure 3) (Bullough et al.,Structure 231994; Chen et al., 1999). The analysis also demonstrates that
HA1-HA1 contacts are disrupted once the spike has transitioned
to the post-fusion configuration (Figure 3), as reported by
increased exchange at the trimeric interface and portions of
the receptor binding site that line this interface (220-loop and
190-helix). The neighboring 130-loop and parts of the anti-paral-
lel b-sheets away from the HA1-HA1 interface, by contrast, are
consistent with the findings of Bizebard et al., which revealed
nearly identical structures of the monomeric receptor binding
head domain (in complex with HC19 Fab) in isolation and in
the context of the BHA trimer (Bizebard et al., 1995; Wilson
et al., 1981). The differences in HA1 in post-fusion BHA observed
by HDX-MS likely reflect the loss of quaternary contacts upon
HA1 dissociation rather than a loss of tertiary structure
throughout the HA1 head domain.
Our findings also indicate a loss of structural order at the
HA1-HA2 interface in post-fusion BHA as observed by faster ex-
change kinetics for the E0 and F0 domains. Changes within the F0
domain, specifically in regions adjacent to the fusion peptide
pocket, were among the largest within this data set, indicating
the importance of this region in forming a stabilizing cage that
maintains the pre-fusion HA2 conformation (Chen et al., 1995).
These post-fusion BHA data serve as a valuable reference for
comparisons with intermediate BHA conformations described
below.
At the Threshold for Fusion Activation, the Fusion
Peptide Gains Dynamics while the Spring Remains
Caged by HA1
HDX-MS was also used to probe the structural changes in HA
that occur as it approaches fusion under maturing endosomal
pH (down to pH* 5.6) (Figure 8A). Dissociation of the HA1 glob-
ular head domains does not appear to be involved in the initial
activation, given that the head and receptor binding site show
largely identical exchange kinetics over this pH range (Figure 8B).
Peptides spanning the HA1-HA1 trimeric interface actually
become more protected, opposite to what we observed in the
post-fusion state, suggesting that this interface is strengthened, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rights reserved 671
Figure 7. Dynamic Changes in BHA upon Acidification
(A) Deuterium uptake plots for selected HA2 peptides shown at pH* 7.5 (blue dots), 6.5 (cyan dots), 5.9 (orange dots), and 5.6 (red dots), with error bars rep-
resenting the standard deviation from duplicate measurements. HDX time points at acidic pH conditions were scaled relative to pH* 7.5 using the fits of the
internal standard (Figure S7). The exchange plots for all individual peptides are shown in Figure S8.
(B) Corresponding HA2 peptides mapped onto the HA2 domain of the pre-fusion BHA structure (PDB: 2HMG), with regions of increased dynamics (red, orange)
and increased protection (blue) at pH* 5.6. No difference is indicated by white, and no coverage is gray.
(C) Deuterium uptake plots for selected HA1 peptides represented as in (A).
(D) Corresponding HA1 peptides mapped onto the HA1 domain of pre-fusion BHA structure (PDB: 2HMG) represented as in (B).at pH approaching the threshold for activation (Figure 8B). In this
transitional pH range, we considered the possibility that interme-
diate pH conditions might give rise to a mixture of species, for
example subpopulations of pre- and post-fusion trimers. The
peak width analysis of the HDX-MS spectra for conditions
down to pH* 5.6 show that the BHA spike in these experiments
populated a single state. SAXS data show that even at pH 5.2,
the overall spike organization, at least at low resolution, was
similar to the intact pre-fusion BHA structure at neutral pH.672 Structure 23, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rightsThis suggests that the HDX-MS data report on localized dynamic
changes in the context of a still well-formed, trimeric spike.
The new findings are in good agreement with previously pub-
lished data from White and Wilson (1987), which probed HA
structure when exposed to a range of acidic pH. Specifically, an-
tibodies could bind the fusion peptide and N and C termini of
HA1 along the HA stalk at a pH higher than was required for an
antibody to bind to a peptide buried at the HA1-HA1 interface.
It was inferred that this reflected fusion peptide exposure withoutreserved
Figure 8. Regions of pH-Dependent
Changes in BHA
(A) All peptides are mapped on the trimeric pre-
fusion BHA structure (PDB:2HMG) where peptides
that are more exchanged at pH* 5.6 are red and
orange, peptides that are more protected at pH*
5.6 are cyan, white indicates no change, and gray
is no coverage.
(B) Top view of the HA1 globular head. The
dashes highlight the receptor binding site (RBS)
composed of the 130-loop, 190-helix, and 220-
loop, adjacent to the HA1-HA1 trimeric interface;
relative position of the antigenic site B is indicated.
(C) Close-up view of the fusion peptide cavity with
the HA1 F0 domain and HA2 elements highlighted.
(D) Close-up view of the HA1-HA2 interface, where
the HA1 110-helix and ‘‘hinge’’ peptides from the
E0 domain, and N- and C-terminal regions of the
HA2 B-loop are highlighted.complete HA1 dissociation. In a later study using addi-
tional conformation-specific antibodies against antigenic site B
(approximately 154–160 and 188–198 spanning the 190-helix),
it was reported that changes in fusion peptide exposure take
place concomitant with epitopic changes in the apex of the spike
(Kemble et al., 1992). The HA1-HA1 interface did not become
accessible until later in the sequence. Kemble et al. interpreted
the data to reflect a partial dissociation of HA1 head domains
coupled to fusion peptide and associated changes in the stalk
regions. We observed a small change in HDX-MS for the peptide
spanning 152–161 in HA1 at pH* 5.6, while peptides spanning
the 190-helix did not exhibit major changes (Figures 8B and
S8). The fusion peptide and peptides forming the HA1 hinge
experienced some of the largest increases in deuterium incorpo-
ration (Figures 8C and 8D). It is possible that at low pH, flexibility
at these sites may influence epitope presentation as described
by Kemble et al. (1992). However, since by HDX-MS the HA1-
HA1 interface appears to be moderately bolstered at pH* 5.6,
we suggest that a subtle reorganization of HA1 domains occurs
without requiring domain dissociation. It should also be noted
that the HDX-MS data presented in this study probed dynamic
differences in the HA ectodomain under the native fusion activa-
tion conditions without necessitating reneutralization, which
antibody binding assays required.
The sites that become more dynamic under low pH also coin-
cide with regions that Fontana et al. (2012) infer to change HA on
the surface of virions as imaged by cryo-electron tomography.
These authors observed a modest narrowing of the HA stem
with the preservation of the HA1 trimeric crown distal to the viral
membrane upon acidification, suggesting that the HA2 N-termi-
nal regions, including the fusion peptide and associated seg-
ments leading up to the B-loop, may have been released fromStructure 23, 665–676, April 7, 2015the core of the stem while the HA1 do-
mains remained clasped together.
The regions in HA where we observe
increased dynamics upon acidification
are also in excellent agreement with re-
gions where mutations have been shown
to produce substantial shifts in theactivation pH (Mair et al., 2014). For instance, the fusion peptide
pocket is lined by highly conserved ionizable residues from the
F0 domain, Helix-A, and Helix-C (HA1 H17, HA2: K51, H106,
D109, and D112); mutation of these residues alters the proton-
ation state of this pocket (specifically HA1 H17, and HA2 D109
and D112), which is hypothesized to regulate fusion peptide
release (Mair et al., 2014; Weis et al., 1990). While our data
do not cover peptides containing HA1 H17, all other regions
of this cavity could be monitored and exhibited large increases
in deuterium incorporation, consistent with an increase in
dynamics and accessibility for greater solvent exchange
(Figure 8C).
Conserved group-specific ion pairs have been proposed
to stabilize pre-fusion HA at the HA1-HA2 interface, which
is composed of the E0 domain and B-loop (Chen et al., 1995;
Rachakonda et al., 2007). Crystallographic evidence of HA2
B-loop side chain repositioning and local reordering within the
E0 domain of two HA variants was obtained under moderately
acidic conditions, both of which still maintained an overall pre-
fusion configuration (DuBois et al., 2011; Xu and Wilson, 2011).
Our pH-dependent HDX-MS data covering the N-terminal
portion of the B-loop show increased dynamics at lower pH (Fig-
ure 8D), supporting the aforementioned crystallographic obser-
vations. However, since HA1 E0 peptides directly contacting
the termini of the B-loop (‘‘110-helix’’ in DuBois et al., 2011)
did not show any pH-dependent changes in deuterium exchange
when approaching the threshold of activation, the B-loop may
respond at a higher pH than the neighboring HA1 peptides,
possibly mediating the reorganization of this interface. We sur-
mise that movements within the B-loop in concert with the adja-
cent HA1 hinge play a role in HA activation, which ultimately re-
sults in the complete disruption of the HA1-HA2 interface at laterª2015 Elsevier Ltd All rights reserved 673
stages of HA remodeling leading to the post-fusion state
(Figure 3).
In contrast to themodels proposed by Kemble et al. (1992) and
Fontana et al. (2012), others have suggested that HA activation
may be driven by protonation of key ionizable residues in HA1,
leading to repulsive electrostatic interactions and dissociation
of the HA1 head domains (Huang et al., 2002). This particular
model (‘‘Uncaging’’ model, Figure 1B) posits that HA1 dissocia-
tion allows solvent penetration into the core of the ectodomain,
driving the refolding of HA2 to the coiled-coil, post-fusion state.
While such changes may transpire at later stages of the confor-
mational cascade, our findings support a mechanism (‘‘FP
Release’’ in Figure 1B) similar to that proposed by Kemble
et al. (1992) and Fontana et al. (2012) where the fusion peptide
and associated structural elements become highly dynamic,
primed for fusion and accompanied by modest HA1 reorganiza-
tion rather than the full uncaging of HA1. The HA1 head domains
remained clasped together, preventing the spring-loaded refold-
ing of HA2 to an extended helical bundle and post-fusion
conformation.
The observed pH-dependent dynamic response exhibited by
HA parallels the decrease in pH observed in endocytic vesicles
during their maturation, and the elevated fusion peptide dy-
namics at intermediate acidic pH conditions may enable HA to
bind a target membrane prior to HA1 uncaging and the spring-
loaded, large-scale refolding of HA2 that drives membrane
apposition and fusion. These staged sequences would likely
yield more efficient fusion of virus and host cell membranes,
possibly preventing premature HA inactivation as hypothesized
in past studies (Bentz, 2000; Lee, 2010).
In this report we have primarily focused on the soluble HA
ectodomain (BHA). Presentation of the HA on the exterior of the
virus surface differs from BHA due to its anchoring to the mem-
brane and likely interactions between the HA cytoplasmic tail
and M1 matrix layer (Fontana and Steven, 2013; Lee, 2010).
Although HDX-MS data have been used to characterize complex
protein assemblies such as the hepatitis B virus capsid (Bereszc-
zak et al., 2014), our study is, to our knowledge, the first example
of HDX-MS analysis applied to characterization of a protein on
the surface of an intact, multicomponent virion. We show that
at neutral pH, membrane association of full-length HA on virus
does not alter the organization of HA relative to BHA (Figure 2).
It should be noted that the complexity of the whole virus sample
greatly limited the sequence coverage and data quality for the
full-length HA thus far, and similar pH activation experiments
with full virus have been challenging due to the heterogeneity of
specimensoncepH-dependent structural changesare triggered.
Hence, we cannot rule out the possibility that the full-length HA
interaction with membrane and matrix may alter activation and
play a role during fusion (Fontana and Steven, 2013; Lee, 2010).
Future advances in instrumentation that allow more complex
samples to be analyzedmay allow for amore complete activation
of full-length HA on the surface of virus.EXPERIMENTAL PROCEDURES
Influenza and BHA Preparation
X31 (H3N2) influenza A virus grown in allantoic fluid of embryonated chicken
eggs purified by density gradient was purchased from Charles River Labo-674 Structure 23, 665–676, April 7, 2015 ª2015 Elsevier Ltd All rightsratories. Viral stocks (2 mg/ml) were centrifuged at 2,320 relative centrifugal
force (rcf) at 4C for 5 min to remove residual egg protein contaminates.
Virus in the supernatant was pelleted by centrifugation at 25,000 rcf for
15 min at 4C, and concentrated in HEPES buffered saline (HBS; 150 mM
NaCl, 10 mM HEPES [pH 7.4], 0.02% NaN3). BHA was generated by diges-
tion of 30 mg of whole virus with 30 mg of bromelain in 150 mM NaCl,
10 mM HEPES (pH 7.8), 1 mM EDTA, 25 mM b-mercaptoethanol, and
0.02% NaN3. Viral particles were pelleted by ultracentrifugation, and addi-
tional digestions were performed twice thereafter. Soluble BHA was purified
via size-exclusion chromatography (GE-Superdex 200) in HBS, and concen-
trated via spin filtration. BHA purity was assessed by SDS-PAGE and native
PAGE.
Hydrogen-Deuterium Exchange
HDX reactions of whole virus were initiated by diluting concentrated viral
stocks into deuterated buffer: HBS, 85% D2O (Cambridge Isotope Labs), for
a final virus concentration of 2 mg/ml per reaction. HDX reactions of BHA at
pH 7.4 were conducted in parallel under the exact conditions pertaining to
whole virus, with a final BHA concentration of 100 mg/ml. Exchange reactions
were quenched with equal volumes of ice-cold quench buffer (500 mM TCEP
[tris(2-carboxyethyl) phosphine], 4 M urea, 0.2% formic acid [FA]) containing
30 mg/ml porcine pepsin (Worthington Labs) for a final pH of 2.5. The BHA-con-
taining samples were digested on ice for 5min, rapidly frozen in liquid nitrogen,
and stored at 80C until analysis. Whole virus samples were quenched,
digested with quench buffer and pepsin for 2 min on ice, and pelleted at
25,000 rcf at 4C for 3 min. After pelleting, the peptide containing supernatant
was rapidly frozen in liquid nitrogen so that the total digestion timewas 5min to
match the BHA samples. An undeuterated control was prepared in the sample
buffer conditions as above, replacing the D2O with Optima pure water (Fisher
Scientific). A ‘‘zero’’ time point used to account for ‘‘IN’’ exchange during
digestion was prepared by diluting BHA or whole virus into quenched D2O
buffer, and digested as above. Fully deuterated whole virus and BHA stan-
dards were prepared by denaturing samples at 80C in 30mMDTT, 1.5M gua-
nidine hydrochloride, diluting into deuteration buffer, incubating overnight at
50C, and quenching as described above.
HDX of BHA at pH Approaching Activation
Exchanges were initiated in duplicate by diluting 10–15 mg of BHA into deuter-
ation buffer (150 mM NaCl, 10 mM Na3PO4, 0.02% NaN3, 85% D2O) adjusted
for a final pH* of 7.5, 6.5, and 5.9, where pH* is the measured value for each
reaction in D2O. Exchanges at pH* 5.6 were performed using 10 mM citrate
and 10 mM HEPES in place of Na3PO4 for optimal buffer capacity. All ex-
changes were performed at 22C, quenched with ice-cold quench buffer
(200 mM TCEP, 0.2% FA) to a final pH of 2.5, digested with 30 mg of porcine
pepsin for 5 min, frozen in liquid nitrogen, and stored at 80C until analysis.
Since the intrinsic amide proton exchange (kch) rate is highly pH dependent,
and under our conditions the exchange is base catalyzed (kOH[OH
]), incuba-
tion times were adjusted using the Arrhenius Equation 1, where Ea is the acti-
vation energy and A is the frequency factor, assuming constant temperature
(23C) (Coales et al., 2010). The pH* 6.5 and 5.9 time points were adjusted
to match the pH* 7.5 time points ranging from 10 s to 30min. The pH* 5.6 sam-
ples were adjusted to mimic pH* 7.5 incubation times of 3 s, 10 s, 20 s, 30 s,
and 1 min. All reactions contained 0.5 mg/ml of the tetrapeptide, PPPI
(AnaSpec), as an internal standard to probe the intrinsic amide exchange
rate (Zhang et al., 2012). Data from each pH condition were adjusted in the












HDX of Pre- and Post-Fusion BHA
100 mg of concentrated pre-fusion BHA in HBS was acidified to pH 4.9 (with
2.5 mM citrate, pH 3.0), incubated for 3 hr at 22C, and reneutralized to pH
7.4, yielding an acid-triggered post-fusion BHA stock. A matched pre-fusion
BHA stock was prepared similarly to the acid-triggered BHA stock; however,
pre-fusion BHA was added after reneutralization to prevent activation. HDX
was initiated by diluting 5 mg of pre-fusion or acid-triggered BHA into HBS
(85% D2O) for 3 s, 1 min, 30 min, and 20 hr in duplicate. All samples alongreserved
with undeuterated, ‘‘zero,’’ and fully deuterated samples were quenched as
described above.
Mass Spectrometry
Undeuterated BHA peptides were identified by exact mass and MS/MS
spectra on a Waters Synapt HDMS. Samples were thawed on ice for 5 min,
manually injected onto a 100-ml loop, and peptides were trapped onto a
1.7-mm, 1 3 17-mm BEH (ethylene bridge hybrid) reverse-phase C18 (Waters)
trap column at 200 ml/min with 0.1% trifluoroacetic acid (TFA) buffer. The pep-
tides were separated using a Hypersil 2.1-mm, 13 50-mm C18 (Thermo Scien-
tific) reverse-phase column running a gradient of 10%–50% solvent B for
10 min (solvent A: 0.05% TFA, 5% acetonitrile [ACN]; solvent B: 0.05% TFA,
80% ACN). The injection loop, lines, and columns were kept on melting ice
in an insulated container to minimize back exchange. Sample carryover was
minimized by rapid cycling from 10% to 100% B, while the syringe, loop,
and trap column were washed by injecting a series of 10% FA, 80%methanol,
2:1 isopropanol/ACN, and 80% ACN (Fang et al., 2011). For each resolved
isotopic envelope, mass shifts were calculated by fitting to a tailored binomial
distribution within the semi-automated HX-Express v2 software (Guttman
et al., 2013b). Experimental error was calculated using the SD from duplicate
measurements. For glycopeptides, the average of all observable glycoforms
is reported. Percent exchange was calculated at each time point relative to
the zero and fully deuterated standards.
SAXS
SAXS measurements were conducted on beamline 4-2 at the Stanford
Synchrotron Radiation Laboratory implementing online size exclusion using
a Precision S200 column (GE Healthcare) as previously described (Guttman
et al., 2013a). Buffers for size exclusion were 150 mM NaCl, 0.02% NaN3,
and 0.25% n-DDM with 20 mM HEPES, 20 mM citrate at pH 7.5 or pH 5.2.
The flow from the column was passed through a capillary cell and 1 s X-ray
exposures were collected every 5 s. Scattering data were scaled for the trans-
mitted beam intensity at each exposure, and azimuthally averaged. Rg and I(0)
for each frame were batch analyzed using autoRg (Petoukhov et al., 2007), and
frames with stable Rg values weremerged in primus (Konarev et al., 2003). The
particle distance distribution function (P(r)) plots were generated from GNOM
(Svergun, 1992) and used for ab initio shape reconstruction with DAMMIN
(Svergun, 1999). The bead models were aligned with SUPCOMB13 (Kozin
and Svergun, 2001) and spatially filtered using DAMFILT (Volkov and Svergun,
2003).
Liposome Preparation and Fluorescence Spectroscopy
Liposomes were prepared by mixing DOPC (dioleoyl-phosphatidylcholine)
(Avanti Polar Lipids) and bovine brain Calbiochem disialoganglioside GD1a
(Millipore) in a 100:5 molar ratio, and dried under nitrogen gas. The lipid
films were resuspended in liposome buffer (HBS with 10 mM Na-citrate,
and 25 mM sulforhodamine-B [Sigma-Aldrich]), extruded through a
100-nm polycarbonate membrane (Avanti Polar Lipids) after multiple liquid
nitrogen freeze/thaw cycles, and purified over a PD-10 desalting column
(GE Healthcare). 3 mg of BHA were bound to GD1a liposomes in liposome
buffer and the solution was acidified from a pH range of 6.25–5.0 for
4,500 s post acidification. The BHA-mediated sulforhodamine-B dequench-
ing was monitored at 22C with excitation/emission at 565/585 nm on a
Varian Cary Eclipse Fluorescence Spectrophotometer. Reported fluores-
cence intensities were normalized at a given time point after acidification,
relative to an average non-acidified time point, and an averaged maximally
dequenched intensity, generated upon liposome disruption with Triton
X-100 (Sigma-Aldrich).
Dynamic Light Scattering
0.9 mg/ml of BHA was measured at pH 7.4 (150 mM NaCl, 10 mM HEPES [pH
7.4]), pH 6.0, pH 5.5, and pH 5.0 (150mMNaCl, 10 mMHEPES, 10mMNa-cit-
rate) by collecting three sets of 30 acquisitions at 20C for 10 s on a DynaPro
Nanostar (Wyatt Technology) for each BHA pH condition. Dynamic light scat-
tering was used to calculate the radius of hydration for BHA at various the pH
conditions. The data were fit assuming a spherical model using the Wyatt
Dynamics analysis software package, and the error reported as SD of the
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